New methods are needed for the nondestructive measurement of tooth demineralization and remineralization and to monitor the progression of incipient caries lesions (tooth decay) for effective nonsurgical intervention and to evaluate the performance of anti-caries treatments such as chemical treatments or laser irradiation. Studies have shown that optical coherence tomography (OCT) has great potential to fulfill this role, since it can be used to measure the depth and severity of early lesions with an axial resolution exceeding 10-μm. It is easy to apply in vivo and it can be used to image the convoluted topography of tooth occlusal surfaces. In this paper we present early results from two clinical studies underway to measure the effect of fluoride intervention on early lesions. CP-OCT was used to monitor early lesions on enamel and root surfaces before and after intervention with fluoride varnish. The lesion depth and internal structure were resolved for all the lesions examined and some lesions had well defined surface zones of lower reflectivity that may be indicative of arrested lesions. Changes were also noted in the structure of some of the lesions after fluoride intervention.
INTRODUCTION
New tools are needed to non-destructively determine carious lesion depth and severity, assess lesion activity, differentiate between lesions caused by caries and those due to developmental defects and to measure the efficacy of chemical intervention. The National Institute of Dental and Craniofacial research has requested the validation of new technologies for the measurement of tooth surface demineralization or remineralization to serve as a likely surrogate end point in dental clinical trials 1 . Several studies have demonstrated that polarization sensitive optical coherence tomography (PS-OCT) can be used to nondestructively measure the severity of subsurface demineralization in enamel and dentin and is therefore well suited for this role [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Since optical diagnostic tools exploit changes in the light scattering of the lesion they have great potential for the diagnosis of the current "state of the lesion", i.e., whether or not the caries lesion is active and expanding or whether the lesion has been arrested and is undergoing remineralization. Therefore, new technologies must be able to determine whether caries lesions have been partially remineralized and have become arrested. The most important advantage of OCT over other competing technologies is that it has the ability to acquire depth resolved images of the lesion structure with high resolution in vivo. Ekstrand describes the patho-anatomical changes in enamel during caries initiation, progression and arrestment 14 15 . Definitive features, such as a weakly scattering surface zone, are formed during the process of remineralization that are indicative of an arrested lesion. Kidd showed that there were structural differences in the histopathology of enamel lesions from young 16 and old permanent teeth. It is most likely that the lesions in older teeth better represent lower levels of lesion activity or arrested lesions. The lesions in the older teeth had larger and more definitive transparent surface zones than the lesions in younger teeth. Therefore the thickness of this transparent surface zone may serve as an indicator of lesion activity. Since PS-OCT can resolve changes in lesion structure, i.e., show a surface zone of reduced light scattering, we can postulate that it can be used as a quantitative diagnostic of the activity of the lesion or an indicator of an arrested lesion or a developmental defect that needs no further intervention. Developmental defects typical of mild fluorosis that are not undergoing active demineralization also show a very thick outer layer, that has a higher mineral content than the hypomineralized body of the defect 17 .
We developed an approach to quantifying the severity of demineralization by integrating the reflectivity of the orthogonal axis (⊥) or cross polarization image 6 . This approach also has the added advantage of reducing the intensity of the strong reflection from the tooth surface that can prevent resolution of the lesion area near the tooth surface, which is important for measurement of the lesion surface zone that can potentially provide information about the lesion activity. A conventional OCT system cannot differentiate the strong reflectance from the tooth surface from increased reflectivity from the lesion itself 18, 19 . Use of cross polarization images facilitates direct integration of the lesion reflectivity to quantify the lesion severity, regardless of the tooth topography and the difficult task of having to deconvolve the strong surface reflection from the lesion surface can be circumvented. Since the most important information about the lesion is near the surface, a cross polarization OCT system is invaluable for imaging the internal structure of early lesions. We have also demonstrated that automated algorithms can be applied successfully to calculate the depth of demineralization and the overall or integrated reflectivity from the zone of demineralization 20 . This approach has significant advantages because OCT can be used to rapidly acquire 2D and 3D tomographic images of areas of early demineralization on tooth surfaces. In order to rapidly process the images and effectively quantify the lesion severity algorithms are needed to automatically extract lesion depth and severity information. Both enamel lesions on tooth buccal and occlusal enamel surfaces and root caries lesion are being monitored in our study. We are imaging incipient enamel lesions on 20 test subjects at high risk for dental caries, i.e., each has multiple lesions on the facial and occlusal surfaces. It is anticipated that these test subjects will have a high percentage of active lesions that will respond to fluoride intervention. Test subjects are recruited from the UCSF predoctoral clinics that see ~33,000 patient visits per year. Up to four lesions on each test subject are being monitored for a period of 30 weeks. The OCT scans and the fluoride varnish will be repeated once every six weeks for thirty weeks, thus producing data at 0, 6, 12, 18, 24, 30 weeks. Our approach is modeled after the longitudinal remineralization study with QLF carried out by Tranaeus et al. 21 in which they applied fluoride varnish at six-week intervals over a six month period in 13 test subjects (32 lesions) and observed a significant reduction in lesion area and concomitant increase in fluorescence radiance. We are also looking at another twenty test subjects with early root caries lesions. The purpose of this paper is to present some of the early results from this study and discuss the challenges and anticipated outcome.
MATERIALS AND METHODS

Cross Polarization (CP) -OCT System
The cross-polarization system is Model IVS-3000-CP from Santec (Komaki,Aichi, Japan) and utilizes a swept laser source, Santec Model HSL-200-30 operating with a 30 kHz sweep rate. The Mac-Zehnder interferometer is integrated into the handpiece which also contains the microelectromechancial (MEMS) scanning mirror and the imaging optics. It is capable of acquiring complete tomographic images of a volume of 6 x 6 x 7 mm in less than a second. The imaging system along with close-up images of the scanning hand-piece are shown in Fig. 1 . The handpiece is shown in Fig. 1 , the body is 7 x 18 cm with an imaging tip that is 4 cm long and 1.5 cm across. This system operates at a wavelength of 1321-nm with a bandwidth of 111-nm with a measured resolution in air of 11.4 μm (3 dB). The lateral resolution is 80-μm (1/e 2 ) with a transverse imaging window of 6 mm x 6 mm and a measured imaging depth of 7-mm in air. The extinction ratio was measured to be 32 dB. Wk -0
Clinical Protocol
This is a two part study involving the use of CP-OCT to monitor existing early lesions over a period of 30 weeks during intervention with fluoride varnish. The first study involves 20 test subjects with early enamel lesions and the second study includes 20 test subjects with early root caries lesions. All the test subjects are solicited from UCSF clinics. The demographics of the patient population for the UCSF school of dentistry are listed below. By gender 50.7% are male and 49.3% female. The age distribution is 1.5% age 1-17, 9.1% age 18-24, 21.1% age 25-34, 24.3% age 35-44, 17.3% age 45-54, 10.5% 55-64, and 16.2% 65+. The Ethnic distribution is 49% White, 12% Black, 10% Asian and Pacific Islander, 11 % Hispanic (any race), and 19% other. Permission to recruit and carry out the testing has been obtained from the Committee on Human Research (CHR) at UCSF and subjects have been fully informed of the procedures. Test subjects that are identified as high caries risk with at least two new lesions will be invited to participate in the study. The test subjects will receive topical fluoride varnish treatments at six week intervals. Two scans of a selected 6 x 6 mm 2 area encompassing the lesion are taken at each time point. Teeth are scanned just before fluoride varnish application and at 6-week intervals up to a period of 30-weeks. Digital photographs are taken at the beginning and end of the study. The inclusion and exclusion criteria are listed below.
(a) Inclusion criteria. These criteria will not be based on race or gender. Participants will be patients at the predoctoral dental clinic at UCSF and must be: 1. aged 12 to 60 years 2. able to give informed consent in English 3. willing to comply with all study procedures and protocols, 4. residing in San Francisco or nearby locales with community fluoridation (to eliminate water fluoridation as a potential confounding variable) 5. must have at least two suspected, non-cavitated enamel lesions or two non-cavitated root caries lesions 6. willing to waive a HIPAA acknowledgement that data will only be used for research (b) Exclusion criteria. 1. subjects suffering from systemic diseases 2. taking medications that may effect the oral flora or salivary flow (e.g., antibiotic use in the past three months, drugs associated with dry mouth/xerostomia) 3 other conditions that may decrease the likelihood of adherence to study protocol 4. in-office fluoride treatment within past 3 months We developed a small sleeve made out of Delrin that fits over the window and prevents the brackets from coming in direct contact with the window of the scanner. Cellophane film is used as an infection control barrier on the handpiece which we found only minimally interferes with the images. The sleeve was placed in direct contact with the tooth surface and it served to aid the positioning process and prevent damage to the window covering the OCT scanner. It was sterilized by autoclave prior to each procedure.
RESULTS AND DISCUSSION
The study was initiated 8-months ago and we have recruited nearly one half of the required test subjects.
Recruiting subjects with root caries lesions is more challenging than those with early enamel lesions. One of the first goals of this study is to demonstrate that OCT can provide useful images of the lesion internal structure. In vitro PS-OCT studies have demonstrated that for certain demineralization/remineralization models, the overall reflectivity of the lesion decreases after exposure and a distinct transparent surface zone is formed on the lesions surface after exposure to a remineralization regimen which can be measured with CP-OCT 8, 11 . It was interesting to observe that a transparent surface zone was clearly observable on many of the lesions, both enamel and dentin (root) lesions, encountered in the study before intervention with fluoride varnish. Figure 2 shows an enamel lesion imaged at week 0 and 18 weeks with a well defined surface zone. Another cervical white spot lesion is shown in Fig. 3 that extends half the length of the facial surface. The severity of this shallow lesion looks fairly uniform in the photograph, however the CP-OCT image shows that the severity varies quite significantly over the length of the lesion and has a distinct surface zone over the whole length.
CP-OCT images from one test subject are shown in Fig. 4 before and after the completion of the study. In the initial scans (week 0) the lesions manifested similar structure to the lesions shown in Figs. 2 & 3 with a surface zone visible. After completion of the study all the lesions manifested an additional transparent layer over the existing lesion as shown in Fig. 4 (week 30) . If the layer was plaque, calculus or precipitated mineral it would be highly scattering and there would not be a transparent layer. The transparent layer is most likely highly mineralized enamel caused by either the filling of existing pores by mineral or the deposition of an oriented (epitaxial) layer of mineral. The structure of root caries lesions can also be clearly resolved in CP-OCT images. In addition, the remaining thickness of the cementum layer can be measured and the CP-OCT images show the surface topography of the root surface. Such images provide information about the exposed root surfaces and the degree of erosion that has occurred. Fig. 5 shows a CP-OCT image of an exposed root surface with a small lesion. A fairly large surface zone is present on the lesion. This scan was taken at week-0 and the thick surface zone may indicate the lesion is arrested. A few of the teeth examined had small restorations. The tooth shown in Fig. 6 had a small restoration on the facial surface along with a small lesion. The restoration is obvious in the photograph but the small enamel lesion is not. Three CP-OCT scans are shown one taken across the center of the restoration (A), one taken at the edge of the restoration (B) and the other scan (C) taken across the lesion. The most interesting image is the one taken near the edge of the restoration (B). This image shows a strong reflection along the DEJ next to the restoration at the position marked (L). Such a strong reflection at the DEJ suggests underlying decay/demineralization. This is most likely residual decay that was missed during the cavity preparation. It could also be secondary caries that developed after placement of the restoration. The in vivo CP-OCT images collected so far in this clinical study demonstrate the great potential of OCT for the clinical monitoring of caries lesions. The ability to monitor changes in lesion structure nondestructively in vivo offers many exciting possibilities. After collection of all the images the lesion depth and integrated reflectivity will be calculated at each time point. We postulate that the thickness of the transparent surface zone which was observed on many of the lesions imaged in this study will correlate with the degree of lesion activity. If this is the case, then such measurements are likely to provide a means of assessing lesion activity with a single measurement.
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